Abstract The authors describe a glassy carbon electrode (GCE) modified with a multiporous nanofibers prepared from SnO 2 , polyaniline and hemoglobin, and its application to the amperometric determination of hydrogen peroxide (H 2 O 2 ). The SnO 2 nanofibers were prepared first and then polymerized with polyaniline. Then, the redox protein hemoglobin was co-immobilized with the nanofibers on the surface of the GCE. Chitosan was finally used to improve the stability of the modified GCE. Direct electrochemistry of Hemoglobin at the modified electrode revealed a pair of well-defined redox peaks, with anodic and cathodic peaks at −0.15 and −0.3 V, respectively. The modified GCE exhibits high catalytic response to hydrogen peroxide. Best operated at −0.4 V (vs Ag/AgCl), it displays a linear amperometric response that covers the 2 to 160 μM H 2 O 2 concentration range, with a lower detection limit of 0.5 μM. The biosensor has good storage stability, reproducibility and repeatability.
Introduction
The most serious challenge for researchers in the rapidly progressing field of biosensors and bioelectronics is coupling biomolecules with extremely complicated molecular structure with electronic or optical transducer devices [1, 2] . Direct communication between these odd partners from the biologic and nonliving worlds is effected by the passage of electrons. Nonetheless, effective electrical-contact between the active site of an enzyme/protein and the electrode surface is the foundation of an amperometric biosensor [3, 4] . A number of fundamental problems impede the effectiveness of electrical contacting between the redox sites of the enzymes/proteins and the electrodes in these systems. For instance, the redox active sites of enzymes/proteins are buried deeply within protective proteinaceous matrices and thus are far removed from the electrode surface. In addition with this, the redox enzymes/proteins are relatively larger to contact directly with an electrodes without being at least partially denaturized [5] [6] [7] . In order to solve these problems researchers have explored various methods to establish electron-transfer communication between the enzymes and the electrodes. Mediators, surfactants, polymers, lipids and different types of nanostructured materials have been employed to establish electrical communications between insulated enzyme redox centers and electrodes [1, [8] [9] [10] [11] [12] [13] .
Developments in nanoscale science and technology, microsystems and microfluidics, single molecule measurements and scanning probe microscopies have given a new impetus to biosensors fields [14, 15] . Nanostructured materials possess high active surface area, unique chemical and physical properties with regular structure, good chemical and thermal stability which make them more attractable for researchers [16, 17] . Nanoscale surfaces such as nanotubes or nanoparticles can overcome some limitations, for example, reduced steric hindrance of the substrate to binding site on Electronic supplementary material The online version of this article (https://doi.org/10.1007/s00604-017-2479-6) contains supplementary material, which is available to authorized users. the enzyme [18] . Inspired from those special properties of nanostructured materials, different types of nanomaterialsbased biosensors have garnered much attention for their uses in the environment and health [16, 19, 20] . One of the most notable nanostructured materials is tin oxide (SnO 2 ) as used in nanomaterials such as nanotubes, nanoparticles, nanowires, and nanorods [21, 22] . What makes SnO 2 ideal for the generation of these materials high is its high surface area, nontoxicity, good biocompatibility, catalytic activity and chemical stability [23] . Since the SnO 2 an n-type semiconductor with a wide band gap of 3.6 eVat 300 K, it has been applied for various applications such as solar cells, electrochemistry sensors and biosensor [24, 25] . However, it is already reported that nanostructures of SnO 2 exhibited better biosensing performance than the pure SnO 2 [22] . Nanofibers (NF) offer numerous advantages, especially two times higher surface area than the other 1D nanostructures, small pore size and high pore volume which leads themselves to many applications including biosensing, fuel cells and countless others [22] .
We have recently developed multiparous SnO 2 nanofibers (NF) via electrospinning by controlling the tin precursor concentration, which showed high surface area and excellent charge transport properties [23] . Motivated by that work, here we wish to report on the novel development of electrically communicated redox protein electrodes by organization of Polyaniline-SnO 2 NF-redox protein on glassy carbon electrode. Followed by the fabrication of SnO 2 NF, polyaniline (PANI) has been polymerized on SnO 2 using chemical oxidation polymerization method to construct SNO 2 -PANI composite [26] . Then the redox protein hemoglobin (Hb) and chitosan together with SNO 2 -PANI composite were immobilized onto glassy carbon (GC) electrode. Hemoglobin is a tetrameric protein that consists of four polypeptide and suitable for electrochemical biosensors fabrication for detecting hydrogen peroxide (H 2 O 2 ) [27] . It is known that the sensitive and accurate determination of hydrogen peroxide is of great importance to many researchers [28] . In this work, the SnO 2 -PANI-Hb electrode has been employed to detect H 2 O 2 . Electrochemical results reveal that the biocompatible characteristics of SnO 2 -PANI composite have furnished a favorable microenvironment for sustaining the activities of immobilized Hb. The composite has also enabled direct and rapid electron transfer between the proteins and electrode. The SnO 2 -PANI-Hb electrode exhibited rapid response, long linearity, a low detection limit, high stability, and very good reproducibility for the detection of H 2 O 2 .
Experimental Reagents and materials
The used reagents for preparation of polyaniline were all AR grade. Aniline monomer (99.5%) and ammonium persulfate (APS, 98%) were purchased from E. Merck (Germany) (www.merckgroup.com). Hemoglobin, chitosan and stock solution of 30 wt% H 2 O 2, were purchased from Sigma (www.sigmaaldrich.com) and used as received and stored at 4°C. Tin chloride pentahydrate (SnCl 4 .5H 2 O), polyvinylpyrrolidone (PVP), dimethylformamide (DMF) were also obtained from Sigma (www.sigmaaldrich.com). The pure water (18 MΩ. cm) used to prepare all solutions in this work was purified with the Nanopure® water system. All other reagents were analytical grade. 0.01 M Phosphate buffer with pH 7.0 was freshly prepared every time before use. The pH of Phosphate buffer was adjusted by using 1.0 M hydrochloric acid (HCl) or 1.0 M sodium hydroxide (NaOH) in order to achieve desired pH.
Fabrication of the SnO 2 nanofiber
The fabrication of SnO 2 nanofiber has already been described [23] . Briefly, 3 g of PVP was dissolved in an equal volume ratio (1: 1) of ethanol and DMF. To this solution, various concentrations of the tin precursor were dissolved at room temperature until the solution became transparent. In brief, the concentrations were 5.5 mM, 7 mM, 8.5 mM, 10 mM, 11.5 mM and were labeled as C0, C1, C2, C3 and C4, respectively. The viscosity of the solution for electrospinning was measured with a rheometer (LVDV III Ultra, Brookeld Co., USA). The solutions were then transferred to a plastic syringe with steel needles for electrospinning, and the operating parameters were as follows: (i) applied voltage, 25 kV, (ii) the injection rate, 0.6 mL h1, (iii) the distance between the collector and the tip of the needle, 20 cm, (iv) humidity, 40-45%, and (v) the speed of the rotating collector, 1200 rpm. Solid nanofibers were then collected from the collector and annealed at temperature 600°C for 3 h at heating rate 0.5°C min.
Synthesis of poly aniline ((PANI) and PANI + SnO 2 NF using aniline monomer compound
For the synthesis of polyaniline, Aniline (0.1 M) and ammonium persulphate (0.1 M) were dissolved separately in 0.1 M HCl solution and stirred for 1 h. Now, 5 mL of HCL (0.1 M) and 5 mL of 0.1 M aniline monomer were mixed together in 1:1 ratio. 5% solution of oxidant APS prepared in 0.1 M HCl was added drop wise to the above mixture until well dispersed solution by keeping the temperature about 0-5°C under a continuous stirring. After 3 h, a good degree of polymerization (a greenish black precipitate) was achieved. The precipitate produced in the reaction was removed by filtration, washed repeatedly with DW water until the pH reached at 7.0 and dried under vacuum for 24 h. SnO 2 nanofibers (30 mg) were suspended separately in 0.1 M HCl (13 mL) solution and sonicated for 1 h to reduce aggregation of SnO 2 nanofibers. 10 mL aniline (in 0.1 M HCl) solution and 10 mL SnO 2 nanofibers suspension were mixed and further sonicated for 30 min. 10 mL APS solution was then slowly added drop wise to well dispersed suspension mixture with a vigorously continuous stirring at 0-5°C. After addition of APS, the mixture color turns to greenish. Stirrer is continuing about 5 h and then settles the mixture at overnight to settle the precipitate. After that a good degree of composite polymerization was achieved. During the next day, the precipitate was washed with distilled water for several times until pH 7.0, dried in the vacuum oven at 60°C for 3 h before it was grinded to powder.
Biosensor fabrication
Stock solution of 10 mg of PANI/SnO 2 NF was made in 100 μl phosphate buffer and the stock solution of 2 mg·L
of Hb was made in phosphate buffer (pH 7.0). A glassy carbon electrode (3 mm of diameter) was used to fabricate the biosensor. Prior to fabricate, the GCE was polished on a polishing cloth with alumina powder (0.05 μM) until a mirror-like surface was obtained, and then thoroughly rinsed with deionized water, ethanol subsequently, and then dried at room temperature. Finally, 5 μL of PANI/SnO 2 NF the stock solution and 5 μL of Hb from the stock solution were co-immobilized onto the glassy carbon electrode together with 2 μL of 2 mg·L 
Morphological and electrochemical characterization
Morphological characterization of synthesised nanofiber was investigated by scanning electron microscopy (JEOLUSA). The electrochemical measurements were carried out by using Potentiostat PARSTAT 2273. A three-electrode system, which consists of a GC/PANI/SnO 2 NF/CH or GC/PANI/CH or GC/ SnO 2 NF/CH electrode as the working electrode, a platinum wire as counter electrode and an Ag/AgCl as reference electrode was employed. Cyclic voltammetric (CV) measurements were carried out in 0.1 M phosphate buffer by scanning the electrode potential in the range between 0.2 and −0.8 V versus Ag/AgCl. Amperometric responses were measured in 0.1 M phosphate buffer stirred by a magnetic stirrer. Prior to experiments, all electrolytes were deoxygenated by bubbling ultra-pure Nitrogen for 30 min and maintained under Nitrogen atmosphere during the course of the experiment. All the relative measurements were carried out at room temperature.
Results and discussion SEM of the SnO 2 nanofiber and PANI/SnO 2 NF
The morphology and composition of the multiporous SnO 2 nanofiber and PANI/SnO2 NF were investigated by scanning electron microscope observation. Figure 1 A show SEM image of multiporous SnO 2 nanofiber. It can see that a highly porous and hollow structure is visible. This multiporous SnO 2 nanofiber (5-15 nM) are smaller than the grain size of the normal porous nanofiber (15-25 nM) [23] . Therefore, it can be stated that this smaller grains and many channels in multiporous SnO 2 nanofiber can be very effective for immobilizing biological molecule since this nanofiber possess high surface area. In contrast, SEM of PANI/SnO 2 NF composites in Fig. 1b showed a roughened surface morphology. Additionally, the crystalline structured can be clearly seen in the SEM image, indicating polyaniline has been polymerized. Generally, electrode reaction of enzymes and proteins on bare electrode do not take place. This has been established again since there is no redox peaks can be seen at bare GC electrode (line, a). Additionally, as expected no redox peak current is observed at the GC/PANI/CH (line b). The CV of GC/Hb/ SnO 2 NF/CH electrode (line c) exposes a pair of observable oxidation and reduction peaks, which is due to the direct electron transfer of the immobilized hemoglobin. Interestingly, in the same potential, the GC/Hb/PANI/SnO 2 NF/CH electrode (line d) shows a couple of enhanced and well-defined redox peaks. The corresponding anodic and cathodic peak potentials are noted at −0.15 and −0.3 V, respectively. The formal potential E o of the redox couple of Hb of the GC/Hb/PANI/ SnO 2 NF/CH electrode, calculated from the average value of the anodic and cathodic peak potentials, is −0.225 V, which is very close to the standard electrode potential for Hb in Carbon nanotube [29] . The experimental results unveil that the redox peaks are attributed to the direct electron transfer of the immobilized Hb onto the GC/Hb/PANI/SnO 2 NF/CH. It also indicates that the PANI/SnO 2 -NF plays an important role in facilitating the electron exchange between the electroactive center of Hb and the GC electrode. It can also be stated that the PANI/SnO 2 -NF is the better matrix than only SnO 2 -NF for studying direct electrochemistry of Hb. The GC/ Hb/PANI/SnO 2 NF/CH electrode has a higher reaction activity than the GC/Hb/SnO 2 NF/CH electrode. This may be due to the better stability of PANI/SnO 2 NF [30] . The generic reaction occurring at the GC/Hb/SnO 2 NF/CH electrode is given by eq. 1 [31] .
Influence of different scan rates (ν) between 0.2 and 0.8 V s − 1 for the redox couple Fe(II)/(III) of Hb at the GC/Hb/ PANI/SnO 2 NF/CH electrode are shown in Fig. 3 . We can see that the anodic and cathodic peak increased symmetrically with an increase of the scan rate from 10 to 200 mVs − 1. Both anodic and cathodic peak currents linearly increase with the increasing of the scan rate (Supplementary figure S1) , indicating that the redox process of the immobilized Hb is quasi-reversible and surface controlled [11] . To further calculate the electrochemical parameters, the relationship of the peak potential versus scan rate was created. Supplementary figure S2 shows the dependence of the cathodic peak potential on the logarithm of the scan rate. As we can see that the peak potentials are shifted by changing the scan rate, meaning that this is a quasi-reversible electrode reaction driven by adsorption. It was found that, in the range from 25 to 200 mV s-1, the cathodic peak potential (Epc) changed linearly versus ln ν with a linear regression equation of y = −0.2836X -4.143 with R = 0.9987.
The electron-transfer coefficient α, of Hb immobilized at the GC/Hb/PANI/SnO 2 NF/CH electrode was estimated to be 0.48, based on the following equation developed by Laviron [32] .
Here α is the electron transfer coefficient, n is the electron transfer number, Ks is the standard electron transfer rate from inner to outer way constant, υ is the scan rate, E 0 is the formal potential and R, T and F are gas, temperature and the Faraday's constant. It also notable that, the electron transfer rate (n) can be determined that as 1 when 0.3 < α < 0.7 in general it [33] . Thus, it can be stated that the redox reaction between Hb and the GC electrode is a single electron process. Fig. 3b ) of the GC/Hb/SnO 2 NF/CH electrode in the absence of (solid line) and in the presence of 1.
phate buffer at pH 7.0 at a scan rate of 50 mV.S −1 were taken.
It can be observed that the cathodic current of H 2 O 2 at the the GC/Hb/SnO 2 NF/CH electrode is lower than that at the GC/ Hb/PANI/SnO 2 NF/CH electrode. This result suggests that the PANI/SnO 2 NF structure greatly enhances the catalytic activity of the immobilized HB in comparison with the immobilized Hb in only SnO 2 NF structures. It can also be stated that the HB immobilized at the GC/Hb/PANI/ SnO 2 NF/CH electrode retains its bioactivity. However, it has already proven that redox enzymes/protein immobilized in polyaniline does not show any makeable electrocatalytic activity toward H 2 O 2 [30] . The reaction mechanism of the catalytic process by the immobilized Hb to H 2 O 2 reduction can be summarized as previously reported in the literature [34] .
Based on above reaction, the presence of H 2 O 2 increases the oxidation form of the heme group (HbFe(III)) of Hb in the proximity of the electrode, resulting in increased reduction current and the disappearance of the oxidation current.
Amperometric response at the GC/Hb/PANI/SnO 2 NF/CH electrode Amperometric response of the GC/Hb/PANI/SnO 2 NF/CH electrode toward H 2 O 2 under the optimized (optimal conditions in details show in Supplimentary) experimental conditions was explored. Figure 5a illustrates shown in Fig. 5b . Based on calibration plot, the experimental results showed that the amperometric response current was linear when the concentration of H 2 O 2 was in the 2-160 μM range. The detection limit (LOD) of the proposed biosensor was calculated to be 0.5 μM based on 3 signal-noise ratio. The determined parameters such as the detection range, LOD and the response time observed with the GC/Hb/PANI/SnO 2 NF/CH electrode are, in general, comparable to those of most of the modified electrodes reported in the literature and summarized in Table 1 . It is well know that in an enzymecatalysed reaction the substrate converts into a product and the formed product binds to an electrode and acts in an electrochemical reaction, thus causing an electrical current. In this regard, indication of the enzyme substrate kinetics for a biosensor can be calculating the apparent Michaelis-Menten constant (Km), from the following electrochemical version of the Lineweaver-Burk plot [35] .
Here, i max is the maximum current under saturated substrate condition, C is the bulk concentrate of H 2 O 2 i ss is the steady-state current after the addition of substrate, which can be obtained from amperometric experiments. We have calculated the K app m value from the slope and intercept for the plot of the reciprocals of the steady-state current versus H 2 O 2 concentration (Supplementary figure S5) . The K app m value for this proposed biosensor was found to be 0.15 mM, which is much smaller than that reported earlier [11] . The smaller K app m value manifests that the immobilized Hb in the GC/Hb/PANI/ SnO 2 NF/CH electrode possesses the higher enzymatic activity and as well as a higher affinity for H 2 O 2 . Therefore, it can be concluded that the PANI/SnO 2 NF provides favorable microenvironment for retaining the bioactivity of Hb.
Stability, and reproducibility of the biosensor
In generally, biosensors are used immediately after immobilizing the biomolecule of interest onto the electrode surface. However, the long term stability for a biosensor is very much expected in real application. Thus we determined the storage stability of the proposed GC/Hb/PANI/SnO 2 NF/ [10] In this work (HB in PANI/SnO 2 NF) 2-160 0.5 95% (35 days) In this work HB = Hemoglobin, PANI = Polyaniline, CNT = Carbon nanotube, HRP = Horseradish peroxide; LOD = Limit of Detection CH electrode over certain period of time. The storage stability assessment of the modified GC/Hb/PANI/SnO 2 NF/CH electrode was done in wet condition while was stored at 4°C in a pH 7.0 phosphate buffer for three weeks. It was found that the modified GC/Hb/PANI/SnO 2 NF/CH electrode possesses a superb stability. The signal showed no significant decrease (only 5%) after five weeks. This result suggests that redox proteins, Hb was tightly immobilized on the surface-modified electrode. We have also investigated electrode-to-electrode reproducibility by preparation of four modified GC/Hb/PANI/ SnO 2 NF/CH electrode in the same conditions. The relative standard derivation (RSD%) for the response to H 2 O 2 from those four electrodes under optimal conditions, was calculated as 3.5%. The determination of a single GC/Hb/PANI/ SnO 2 NF/CH electrode to H 2 O 2 response was justified with ten repetitive measurements and 3.5% RSD was obtained.
Conclusions
This study has a new insight to investigate the polymerized SnO 2 multiporous nanofibers (MPNFs) effect on the direct electrochemistry of redox protein, Hb on the electrode surface.
The CV results presented in this paper illustrate that a welldefined peaks are able to be formed from redox group of Hb. Additionally; the electrode exhibited a high catalytic efficiency towards hydrogen peroxide. Amperometric experiments were carried out using optimal pH and applied potential. The electrode as a biosensor, displayed a good response to H 2 O 2 with a longer liner range 2-to 160 μm and a LOD of 0.5 μM.
It also be noted that the biosensor showed good stability, reproducibility and repeatability. The outcomes will provide MPNFs, as an efficient candidate for the study of direct electrochemistry of redox and developments of the biosensors.
